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DEVICES AND METHODS FOR REDUCTION OF 
NOX EMISSIONS FROM LEAN BURN ENGINES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application 60/426,604, ?led on Nov. 15, 2002. 

FIELD OF THE INVENTION 

[0002] This invention relates to reduction of NOX emis 
sions from a combustion process. The invention also relates 
to removal of NOX from the exhaust from an internal 
combustion engine, particularly a lean burn internal com 
bustion engine, such as a diesel engine. The invention also 
relates to fuel processing, Whereby a hydrocarbon fuel is 
converted into a reducing gas mixture containing H2 and 
CO, and use of the H2 and CO to reduce NOX in an 
oxygen-rich exhaust stream. 

BACKGROUND OF THE INVENTION 

[0003] Emissions regulations are continually being tight 
ened to improve air quality in many locations around the 
World. Over the past 30 years, the regulations relating to 
spark ignited engines have been tightened and the alloWable 
emissions substantially reduced. These engines operate at or 
near a stoichiometric air/fuel ratio and as a result three-Way 
catalyst technology has been developed to control the emis 
sions of carbon monoxide (CO), unburned hydrocarbons 
(UHC), and nitrogen oxides (NOX ), including both NO and 
N02. Three-Way catalyst technology is not applicable to lean 
burn engines because the large excess of oxygen in the 
exhaust mixture impedes the reduction of NOX. This is 
particularly a problem With diesel engines or compression 
ignition engines Which have very high emissions of NOX and 
particulate matter (PM). Coupled With this is the drive 
Within the US. and much of the World for increased fuel 
ef?ciency. Diesel engines are very efficient and therefore a 
desirable poWer source for vehicles. HoWever, the high 
emissions must be reduced to comply With statutory require 
ments. To reach the emissions levels required for gasoline 
spark ignited engines, the emissions from a modem diesel 
engine must be reduced by a factor of 10 to 50, depending 
on the engine. 

[0004] Lean-burn engines include both spark-ignition (SI) 
and compression-ignition (CI) engines. Lean-burn SI 
engines offer 20-25% greater fuel economy and CI engines 
offer 50% and sometimes higher fuel economy than equiva 
lent conventional SI engines. CI engines are Widely used in 
heavy-duty vehicles, and their use in light-duty vehicles is 
small but expected to groW. They are also Widely used in 
stationary applications, such as electric poWer generators. 

[0005] Current automotive emission control technology is 
based largely on catalytic converters With three-Way cata 
lysts (TWCs). This technology is highly effective for ordi 
nary gasoline engines that operate at nearly stoichiometric 
air/fuel ratios. HoWever, as discussed above, it is incompat 
ible With lean-burn engines due to the excess of oxygen in 
the exhaust. This incompatibility is a major limitation of 
both lean-burn engines and TWC-based emission control 
technology. In the case of diesel engines, the emission 
control system must remove NOX and PM from an exhaust 
stream containing about 6-15% oxygen. 
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[0006] Many different technologies have been investi 
gated for NOX removal from lean-burn engine exhaust. One 
successful technology has been the selective reduction of 
NOx With ammonia (NH3) as a reducing agent. Ammonia is 
added to the exhaust stream in an amount proportionate to 
the amount of NOX. The exhaust stream containing NOX and 
NH3 is then passed over a catalyst upon Which the NOX and 
NH3 selectively react to produce N2. This technology, 
referred to as Selective Catalytic Reduction (SCR), is Widely 
used in gas turbines and large boilers and furnaces, and is 
capable of achieving very high NOX conversion to N2. 
HoWever, one disadvantage of this technology is that it 
requires a source of NH3 Which can be either liquid NH3 
stored under high pressure or an aqueous solution of urea 
Which decomposes prior to or on the SCR catalyst to 
produce ammonia. In general NH3-SCR technology is lim 
ited to large stationary applications, due to its cost and the 
need for a source of NH3. In addition, the addition of NH3 
must be carefully controlled to achieve a desired NH3/NOX 
ratio, to prevent excess NH3 from being exhausted to the 
atmosphere and adding to the level of air pollutants. Another 
disadvantage is the need to develop the rather costly infra 
structure to supply ammonia or urea to vehicles using this 
technology. For these reasons, this technology is not the 
preferred approach to NOX control on vehicles or very small 
systems that may be located in populated areas. 

[0007] Another technology that has been explored for NOX 
abatement from lean-burning mobile sources is a NOX 
storage and reduction (NSR) system, as described in Society 
of Automotive Engineers papers SAE-950809 and SAE 
962051, and in US. Pat. No. 6,161,378. The NSR system 
has an adsorbent-catalyst unit situated in the exhaust system 
and through Which the exhaust stream ?oWs. This catalyst 
unit provides tWo functions: reversible NOX storage or 
trapping, and NOX reduction. During normal engine opera 
tion, While the exhaust gas ?oWs through the system, NOX is 
adsorbed onto the adsorbent in the presence of excess 
oxygen during the Adsorption Cycle. As the adsorbent 
component becomes saturated With NOX, the adsorption 
becomes less complete and the NOX exiting the NOX trap 
begins to increase. At this point, the composition of the 
exhaust stream is changed from an oxidiZing to a reducing 
state. This requires reduction of the oxygen level to Zero and 
introduction of a reducing agent. In the reducing environ 
ment, the NOX is desorbed from the adsorbent and then 
reduced to nitrogen by the catalytic components that are 
incorporated into the adsorbent-catalyst unit. This reaction is 
generally very quick. Thus, the reduction part of the cycle 
can be very short, but must be suf?ciently long to regenerate 
a signi?cant fraction of the NOX adsorption capacity. The 
exhaust composition is then reverted to normal oxidiZing 
conditions, and the cycle is repeated. There are several 
disadvantages to this technology. One problem is that con 
verting the exhaust to reducing conditions is dif?cult to 
achieve for a lean-burn engine such as a diesel engine 
designed to run With 8 to 15% O2 in the exhaust stream. 
Another problem is that the adsorbent-catalyst components 
that have been investigated form very stable sulfates, result 
ing in poisoning of the catalyst by sulfur in the fuel. 
Regeneration of the catalyst to remove the sulfur is very 
dif?cult and results in degradation of the catalyst perfor 
mance. 

[0008] A promising approach to NOX removal from 
exhaust streams containing excess O2 is selective catalytic 
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reduction of the NOX With a reducing agent such as CO or 
an added hydrocarbon, using a catalyst called a selective 
lean NOX catalyst (“lean NOX catalyst”) Such catalysts have 
been extensively investigated over the last 20 years (see, for 
example, Shelef (1995) Chem. Rev. 95:209-225, and US. 
Pat. No. 5,968,463). Previously, hydrocarbons have been 
used as the reducing agent, With the rationale that this 
component Would be available from the engine fuel. In 
general, in engine tests using a lean NOX catalyst, When a 
reactive hydrocarbon is used as the sole reducing agent or 
fuel is injected into a diesel engine in such a manner as to 
produce reactive hydrocarbon species, the level of NOX 
control is loW, in the range of 20-50%. 

[0009] Hydrogen has also been found to be a good reduc 
ing agent for the selective reduction of NOX to N2. For 
example, Costa, et al. (2001) J. Catalysis 197:350-364, 
report high activity of H2 as a reducing agent for catalytic 
reduction of NOX in the presence of excess O2 at loW 
temperatures (150-250° C.), With good utiliZation of the H2. 
EP 1,094,206A2 also describes bene?cial results associated 
With addition of H2 to a hydrocarbon reducing agent in a lean 
NOX catalyst system, resulting in greater than 95% NOX 
removal in engine dynometer testing. HZ/CO mixtures have 
also been found to be good reducing agents in such systems. 

[0010] Although H2 and HZ/CO mixtures are good reduc 
ing agents for continuous removal of NOX from an O2-con 
taining exhaust stream, present methods for delivering these 
reducing agents for use in a small mobile system such as a 
vehicle are cumbersome and/or expensive. Hydrogen is 
dif?cult to store and H2 refueling stations are currently not 
available. On-board manufacturing of H2 or H2/ CO mixtures 
from diesel fuel is possible, but dif?cult and costly. 

[0011] An example of a system for on-board generation of 
a reducing agent for NOX reduction may be found in WO 
01/34950, Which describes a partial oxidation system that 
uses air and the on-board hydrocarbon fuel to generate a 
reducing mixture that is added to the exhaust stream. The 
exhaust stream, Which contains NOX, and the added reducing 
agent are then reacted over a catalyst that reduces the NOX 
in the presence of excess O2. A disadvantage With such a 
device is that it may be difficult to operate for an extended 
period of time due to formation of coke, Which ultimately 
poisons the catalyst. Also, this system produces loW molecu 
lar Weight hydrocarbons, Which are less effective reducing 
agents for NOX than H2. Another system has been described 
in US. Pat. No. 6,176,078 that involves use of a plasmatron 
to produce loW molecular Weight hydrocarbons and H2 from 
hydrocarbon fuel. Disadvantages With this system include 
high energy cost, cost of the system including electronics for 
the plasma generator and durability issues. US. Pat. No. 
5,441,401 and EP 0,537,968A1 describe use of a separate H2 
generator With a separate air and Water intake. Since the 
Water is vaporiZed and passes through the catalyst, it must be 
very pure. This Would require separate tanks, supply system 
and complexity. HoWever, this system may be dif?cult to 
implement and too complex for NOX removal in mobile 
systems such as a vehicle. Another Well-known technology 
includes an autothermal reformer (ATR) With a heat 
exchanger and Water feed pumps. HoWever, such a system is 
dif?cult to scale doWn. In addition, these processes that 
convert the liquid hydrocarbon fuel to H2 and CO in a 
separate reactor system can have a long start up time, from 
1 to 30 minutes. This Would result in a long period of time 
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during Which no reducing agent is available for NOx reduc 
tion and vehicle NOx emissions levels Would remain unac 
ceptably high. 
[0012] Both O2 and H2 O may be used to convert a 
hydrocarbon fuel such as diesel fuel to H2 and CO, through 
reactions such as partial oxidation and steam reforming in 
the presence of an appropriate catalyst. One approach that 
has previously been used for processing a hydrocarbon fuel 
to produce H2 and CO is to add the fuel continuously to a gas 
stream upstream of a catalyst, Which then converts the fuel 
to H2 and CO When the fuel-containing gas stream contacts 
the catalyst. HoWever, the disadvantage of continuous fuel 
addition is that the high level of O2 in the exhaust stream 
results in a very high temperature at a fuel-to-oxygen ratio 
that is good for reforming the fuel to H2 and CO. This is 
depicted schematically in FIG. 1. FIG. 1 depicts the reactor 
temperature over time at various equivalence ratios As 
fuel is added to an oxygen containing gas stream, for 
example a diesel exhaust containing 10% O2 , combustion of 
the fuel results in heat release and an increase in tempera 
ture. Thus, at an equivalence ratio of 0.2, the exhaust gas 
Would increase in temperature from about 250° C. to about 
500° C. At an equivalence ratio of 0.5, the temperature 
Would be 8200 C., and at an equivalence ratio of 1.0, the 
temperature Would be 1230° C. As the equivalence ratio 
rises above 1, the temperature decreases due to endothermic 
reforming reactions. Thus, at an equivalence ratio of 2, the 
temperature Would be 1042° C., and at an equivalence ratio 
of 3, a very rich mixture, the temperature Would be 845° C. 
Typical auto-thermal reformers, Which regulate temperature 
isothermally by using combustion (an exothermic reaction) 
to supply the heat for steam reforming (an endothermic 
reaction), operate With an equivalence ratio in the range of 
3 to 4, With a high level of steam (at least 30%) to increase 
the steam to carbon ratio (S/C1) to a value above 1 and dilute 
the concentration of O2. Addition of steam is necessary in 
such a system to prevent coke formation (carbon deposition) 
on the catalyst. HoWever, addition of steam is not desirable 
because this Water must be carried on the vehicle as a feed 
for the fuel processing system and the Water Would have to 
be very pure since typical impurities in tap Water such as 
sodium, calcium, magnesium etc. are poisons for most 
reforming catalyst materials. 

BRIEF SUMMARY OF THE INVENTION 

[0013] The invention provides devices, methods, and 
compositions for production of reductant from a fuel in an 
oxygen containing gas stream, and reduction of NOX emis 
sions in an oxygen containing exhaust stream. 

[0014] In one aspect, the invention provides a device for 
producing reductant. The device includes a fuel processor 
and a catalytic Zone having an oxidation catalyst and a 
reforming catalyst, Wherein the fuel injector is con?gured to 
inject fuel into at least a portion of an oxygen containing gas 
stream upstream from the catalytic Zone to provide rich and 
lean Zones in the gas stream When the gas stream ?oWs 
through the catalytic Zone. In one embodiment, the device is 
con?gured such that as a rich Zone in an oxygen containing 
gas stream ?oWs through the catalytic Zone in a direction 
from the inlet to the outlet of the catalytic Zone, a portion of 
the fuel in the rich Zone is oxidiZed on the oxidation catalyst 
and at least a portion of the remaining fuel in the rich Zone 
is reformed on the reforming catalyst, thereby producing a 
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reducing gas stream. In a rich Zone of the oxygen containing 
gas stream, a portion of the added hydrocarbon fuel is 
oxidiZed on the oxidation catalyst to consume substantially 
all (i.e., greater than about 90%) of the oxygen and the 
remaining fuel is converted to reductant, e.g., H2 and CO 
When a hydrocarbon fuel is used, on the reforming catalyst, 
thereby producing a reducing gas stream. The device may 
further comprise a reservoir containing a hydrocarbon fuel, 
Wherein the reservoir is in ?uid communication With the fuel 
injector and Wherein the reducing gas stream includes H2 
and CO. 

[0015] In one embodiment, a lean Zone does not include 
added fuel. In another embodiment, a lean Zone includes 
some fuel at an equivalence ratio less than 1. In embodi 
ments in Which lean Zones contain some fuel, preferably 
essentially all of the added fuel in the lean Zone is oxidiZed 
on the oxidation catalyst as the lean Zone ?oWs through the 
catalytic Zone or is oxidiZed on a pre-oxidation catalyst as 
described beloW. 

[0016] In some embodiments, the oxidation catalyst and 
the reforming catalyst are the same composition. In other 
embodiments, the oxidation catalyst and the reforming cata 
lyst are different compositions. 

[0017] Creation of rich and lean Zones in the gas stream 
may be accomplished by discontinuous injection of fuel to 
form rich and lean regions in the gas stream. In one 
embodiment, the fuel injector is adapted to introduce the 
hydrocarbon fuel to an oxygen containing gas stream dis 
continuously to form alternating rich and lean Zones. Often, 
the duration of fuel addition to form a rich Zone and a lean 
Zone includes a rich-lean period, Wherein the rich-lean 
period repeats every 0.1 to 10 seconds, and Wherein the rich 
portion of the rich-lean period extends over about 10 to 
about 90% of the rich-lean period. 

[0018] Alternatively, rich and lean Zones may be created 
by injecting fuel essentially continuously, With rich and lean 
Zones formed by moving either the catalytic Zone or the fuel 
injector relative to the How of the gas stream, or by changing 
the spray angle of fuel injection such that a varying portion 
of the catalytic Zone receives a gas stream With added fuel. 
In one embodiment, the fuel injector is adapted to introduce 
the fuel to a portion of an oxygen containing gas stream 
essentially continuously to form a rich Zone, and the device 
is con?gured such that the portion of the catalytic Zone 
through Which the rich Zone ?oWs varies over time. 

[0019] In some embodiments, the fuel injected by the fuel 
injector is any hydrocarbon compound that can be oxidiZed 
or any hydrocarbon compound that can be reduced. In some 
embodiments, the hydrocarbon fuel is a gaseous, liquid, 
oxygenated, nitrogen containing, or sulfur containing hydro 
carbon, or a mixture thereof. In other embodiments, the 
hydrocarbon fuel is gasoline or diesel fuel, or a mixture 
thereof. 

[0020] In some embodiments, the catalytic Zone includes 
at least one monolithic structure. Often, the oxidation and 
reforming catalysts are applied to surfaces of the monolithic 
structure as a Washcoat, either separately or combined. In 
some embodiments, the oxidation and reforming catalysts 
are applied to the same area of the monolithic structure. In 
other embodiments, the oxidation and reforming catalysts 
are applied to different areas of the structure. In one embodi 
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ment, the oxidation catalyst is applied to an area that is 
upstream of the reforming catalyst. In some embodiments, 
the monolithic structure includes a plurality of channels 
from the inlet face to the outlet face. In one embodiment the 
monolithic structure includes metal. In another embodiment, 
the monolithic structure includes a ceramic material. 

[0021] In some embodiments, the device is con?gured 
such that When rich and lean Zones of an oxygen containing 
gas stream ?oW through the catalytic Zone, the temperature 
of the catalytic Zone is maintained at about 450 to about 
1000° C. 

[0022] In one embodiment, the gas stream is heated prior 
to entry into the inlet of the catalytic Zone by a heater or a 
heat exchanger upstream from the catalytic Zone, Wherein 
the heater or heat exchanger is in gas ?oW communication 
With the catalytic Zone. 

[0023] In a still further embodiment, the device includes a 
pre-oxidation catalyst doWnstream from the fuel injector and 
upstream from the catalytic Zone of the fuel processor. The 
pre-oxidation catalyst includes an oxidation catalyst and the 
fuel injector is con?gured to introduce a fuel into at least a 
portion of a gas stream ?oWing through the pre-oxidation 
catalyst, such that When the gas stream ?oWs through the 
pre-oxidation catalyst, at least a portion of the fuel intro 
duced by the fuel injector is oxidiZed, thereby heating the 
gas stream. In one embodiment of a device With a pre 
oxidation catalyst, the device includes a mixer doWnstream 
from the pre-oxidation catalyst and upstream from the 
catalytic Zone, and the device is con?gured such that a 
portion of the fuel introduced by the fuel injector and 
?oWing through the pre-oxidation catalyst is vaporiZed, and 
Wherein the mixer is con?gured to mix the vaporiZed fuel in 
the gas stream in a predominantly radial fashion Without 
substantial axial mixing. In one embodiment of a device 
With a pre-oxidation catalyst, the pre-oxidation catalyst is 
coated on at least a portion of the inner Walls of a fraction 
of the channels of a monolithic catalyst structure. In one 
embodiment, the fraction of channels containing the coated 
catalyst is about 20 to about 80%. 

[0024] In another aspect, the invention provides a device 
for reducing NOX content in oxygen-containing emissions of 
a lean burn engine. The device includes a fuel injector and 
a ?rst catalytic Zone that includes an oxidation catalyst and 
a reforming catalyst. The fuel injector is con?gured to inject 
fuel into at least a portion of the oxygen containing exhaust 
stream from a lean burn engine upstream from the catalytic 
Zone to provide rich and lean Zones in the exhaust stream 
When the exhaust stream ?oWs through the ?rst catalytic 
Zone. The device further includes a second catalytic Zone 
doWnstream from the ?rst catalytic Zone that includes a 
catalyst capable of reducing NOX to N2 in the presence of a 
reducing gas. In one embodiment, the device is con?gured 
such that as a rich Zone in an oxygen containing gas stream 
?oWs through the ?rst catalytic Zone, a portion of the fuel in 
the rich Zone is oxidiZed on the oxidation catalyst and at 
least a portion of the remaining fuel in the rich Zone is 
reformed on the reforming catalyst, thereby producing a 
reducing gas stream, and Wherein the device is con?gured 
such that at least a portion of the exhaust stream and at least 
a portion of the reducing gas stream produced in the ?rst 
catalytic Zone ?oW through the second catalytic Zone, such 
that When the exhaust stream and reducing gas streams ?oW 



US 2004/0187483 A1 

through the second catalytic Zone, NOX is reduced to N2 on 
the catalyst contained therein. 

[0025] In some embodiments, lean Zones do not contain 
added fuel. In other embodiments, lean Zones contain some 
added fuel at an equivalence ratio less than 1. In embodi 
ments in Which lean Zones contain some added fuel, pref 
erably essentially all of the added fuel in a lean Zone is 
oxidiZed on the oxidation catalyst in the ?rst catalytic Zone 
or on a pre-oxidation catalyst as described above. 

[0026] The device may further include a reservoir that 
includes a hydrocarbon fuel and that is in ?uid communi 
cation With the fuel injector, Wherein the reducing gas stream 
produced in the ?rst catalytic Zone includes H2 and CO. 

[0027] In one embodiment, the fuel injector is adapted to 
introduce a fuel to an oxygen containing gas stream discon 
tinuously to for alternating rich and lean Zones in the gas 
stream upstream of the ?rst catalytic Zone. In another 
embodiment, the fuel injector is adapted to introduce the fuel 
to a portion of an oxygen containing gas stream essentially 
continuously to form a rich Zone, and the device is con?g 
ured such that the portion of the ?rst catalytic Zone through 
Which the rich Zone ?oWs varies over time. 

[0028] In some embodiments, the lean burn engine is a 
diesel engine. In one embodiment, the fuel is a hydrocarbon 
fuel, such as diesel fuel. In embodiments in Which the added 
fuel is a hydrocarbon fuel, the products of the catalytic 
reforming reaction are H2 and CO, Which are used as 
reducing agents to reduce NOX to N2 in the second catalytic 
Zone. In some embodiments, the second catalytic Zone 
includes a lean NOX catalyst. In some embodiments, the 
device is con?gured such that a portion of the exhaust stream 
is diverted as a slipstream upstream from the ?rst catalytic 
Zone and the fuel injector is con?gured to inject fuel into the 
slipstream upstream from the ?rst catalytic Zone. Often, such 
a device With a slipstream is con?gured to divert about 5 to 
about 25% of the exhaust stream by volume into the slip 
stream. 

[0029] In one embodiment, the device further comprises a 
pre-oxidation catalyst upstream of the ?rst catalytic Zone, 
the fuel is injected upstream of the pre-oxidation catalyst, 
and a portion of the added fuel is oxidiZed on the pre 
oxidation catalyst, thereby heating the gas stream, as 
described above. 

[0030] In some embodiments, the device includes a con 
troller Which controls the injection of fuel as a function 
selected from exhaust NOX concentration, exhaust O2 con 
centration, engine rpm, engine torque, engine turbocharger 
boost, engine intake air ?oW rate, exhaust intake ?oW rate, 
exhaust ?oW rate, and exhaust temperature, or a combination 
thereof. In one embodiment, the injection of fuel is con 
trolled as a function of exhaust NOX concentration, Which is 
determined by at least one NOX sensor in the exhaust stream. 
In some embodiments, the device is doWnstream from a lean 
burn engine that includes an engine control unit, and the 
controller is incorporated into the engine control unit. 

[0031] In another aspect, the invention includes a process 
for producing a reducing gas Which includes introducing a 
fuel into at least a portion of an oxygen containing gas 
stream to create rich and lean Zones in the gas stream, 
Wherein a portion of the fuel in a rich Zone is oxidiZed and 
Wherein at least a portion of the remaining fuel in the rich 
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Zone is reformed, thereby producing a reducing gas. In one 
embodiment, the rich and lean Zones ?oW through a catalytic 
Zone that includes an oxidation catalyst and a reforming 
catalyst. Aportion of the fuel in a rich Zone of the gas stream 
is oxidiZed on the oxidation catalyst and at least a portion of 
the remaining fuel in the rich Zone is reformed on the 
reforming catalyst to produce a reducing gas stream. When 
a hydrocarbon fuel is used, the reducing gas stream includes 
H2 and CO. 

[0032] In another aspect, the invention includes a process 
for reducing NOX content in oxygen containing emissions of 
a lean burn engine, e.g., a diesel engine, Which includes 
introducing a fuel, e.g., diesel fuel, into at least a portion of 
the oxygen containing exhaust stream from the lean burn 
engine to create rich and lean Zones in the exhaust stream, 
Wherein a portion of the fuel in a rich Zone is oxidiZed and 
Wherein at least a portion of the remaining fuel in the rich 
Zone is reformed, thereby producing a reducing gas. At least 
a portion of the reducing gas is used to reduce NOX to N2 on 
a catalyst. In one embodiment, the rich and lean Zones in the 
exhaust stream ?oW through a ?rst catalytic Zone doWn 
stream from the fuel injector and having an oxidation 
catalyst and a reforming catalyst, Wherein a portion of the 
fuel in a rich Zone of the exhaust stream is oxidiZed on the 
oxidation catalyst and at least a portion of the remaining fuel 
in the rich Zone is reformed on the reforming catalyst, 
thereby producing a reducing gas. At least a portion of the 
reducing gas is introduced into at least a portion of the 
exhaust stream ?owing through a second catalytic Zone 
doWnstream from the ?rst catalytic Zone, Wherein the second 
catalytic Zone includes a catalyst capable of reducing NOX to 
N2 in the presence of the reducing gas, and Wherein NOX is 
reduced to N2 in the second catalytic Zone. In one embodi 
ment, the fuel is a hydrocarbon fuel, such as a diesel fuel, 
and the reducing gas includes H2 and CO. 

[0033] In one embodiment, the portion of the ?rst catalytic 
Zone ?oWing through the ?rst catalytic Zone is diverted as a 
slipstream upstream from the ?rst catalytic Zone, and the 
fuel is injected into the slipstream. 

[0034] In one embodiment, the fuel is injected upstream of 
a pre-oxidation catalyst, Which is upstream from the ?rst 
catalytic Zone, and a portion of the injected fuel is oxidiZed 
on the pre-oxidation catalyst, thereby heating the gas stream, 
as described above. 

[0035] In another aspect, a device as described above is 
adapted for use in a vehicle having a lean burn engine. In one 
embodiment, the lean burn engine is a diesel engine. A 
vehicle may include a device of the invention in contact With 
at least a portion of the exhaust stream from a lean burn 
engine on a vehicle, such as a diesel engine. In one embodi 
ment, the fuel injected by the fuel injector is diesel fuel on 
board a vehicle With a diesel engine. 

[0036] In one aspect, the invention provides a vehicle that 
contains a device for H2 production and/or NOX emission as 
described above. For example, a device as described above 
may be situated in the exhaust stream of a vehicle, such as 
an automobile, truck, commercial vehicle, airplane, etc., 
With at least a portion of the exhaust stream ?oWing through 
the device, Which is situated doWnstream from the engine of 
the vehicle. Methods for reducing NOX emission as 
described above may be provided by placing a device of the 
invention as described above in the exhaust stream of a 
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vehicle, downstream from the engine of the vehicle. The 
engine of the vehicle may be a SI or CI lean burn engine. In 
one embodiment, the engine is a lean burn diesel engine. 

[0037] In another aspect, a device or process of the inven 
tion may be used in conjunction With an engine used for 
stationary poWer generation or to drive a mechanical device. 

[0038] In a still further aspect, the invention provides a 
catalyst composition for producing H2 and CO Which 
includes an oxidation catalyst and a reforming catalyst. In 
one embodiment, the oxidation and reforming catalysts 
include the same catalytically active component(s). In 
another embodiment, the oxidation and reforming catalysts 
include different catalytically active component(s). 

[0039] In another aspect, the invention provides a mono 
lithic structure on Which an oxidation and reforming catalyst 
composition or compositions have been coated, either in 
different or the same areas of the substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] FIG. 1 schematically depicts the steady state tem 
perature of a fuel processing reactor at different equivalence 
ratios 

[0041] FIG. 2 depicts one embodiment of a fuel processor 
in accordance With the invention, containing an exhaust inlet 
1 and outlet 10, a fuel injector 3, a catalytic Zone 6 for 
oxidation and reforming of injected fuel, and mixing Zones 
4 and 9. The mixing volumes 4 and 9 may be the same or 
different siZes and may optionally include internal compo 
nents to aid or improve mixing. 

[0042] FIG. 3 schematically depicts various parameters 
relating to a fuel processor of the invention Wherein fuel is 
added in a pulsed manner. FIG. 3a depicts fuel flow over 
time When fuel is added to an exhaust stream in a pulsed 
manner. FIG. 3b depicts concentration of O2 over time as 
added fuel is catalytically combusted. FIG. 3c depicts the 
temperatures of the inlet and outlet of the catalytic Zone of 
the fuel processor over time . FIG. 3a' depicts concentration 
of H2 and CO over time as added fuel is catalytically 
reformed. FIG. 36 depicts concentrations of O2, H2, and CO 
after mixing. 

[0043] FIG. 4 depicts one embodiment of a NOX emission 
control device of the invention. A portion of the exhaust 
stream 40 is diverted as a slipstream 41. Fuel injected 
through injector 42 reacts With the exhaust gases in a ?rst 
catalytic Zone 44 to produce H2 and CO, Which are then 
mixed 46 and 53 into the ?oWthrough exhaust. H2 and CO 
react With NOX in a second catalytic Zone 48 to produce N2. 

[0044] FIG. 5 depicts one embodiment of the fuel pro 
cessor of the invention. In FIG. 5A, the catalytic Zone 64 
comprises a plurality of channels, and fuel is added con 
tinuously, mixed With the flowing exhaust, and then added to 
a portion of the rotating catalyst structure. In FIG. 5B, fuel 
is injected into through fuel injector 71 and into a How guide 
70. In FIG. 5C, a portion of the exhaust stream 83 bypasses 
the rotating catalyst 85. 

[0045] FIG. 6 shoWs the results of an experiment in Which 
pulses of fuel. Were used to catalytically produce H2 in the 
presence of 7% O2. FIG. 6A shoWs O2 consumption and H2 
production at different frequencies of fuel injection. FIG. 6B 
shoWs the inlet and outlet temperatures of the catalyst 
structure over time. 
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[0046] FIG. 7 shoWs the effect of mixing on H2 concen 
tration over time. FIG. 7A shoWs the concentration of H2 
produced as a result of added pulses of fuel in the presence 
of 7% O2, prior to mixing. FIG. 7B shoWs H2 concentration 
after mixing. 

[0047] FIG. 8 depicts calculated values of fuel penalty 
versus stoichiometry factor for several levels of exhaust gas 
flow diverted to a fuel processor of the invention. 

[0048] FIG. 9 depicts temperature versus time as fuel is 
pulsed through the catalyst of a fuel processor of the 
invention, for a catalyst mass to gas flow ratio of 1250 liters 
per minute, catalyst mass 1000 g, pulse frequency 0.4 HZ, 
equivalence ratio of approximately 3, and 10% O2. 

[0049] FIG. 10 depicts temperature oscillation amplitude 
vs. frequency of operation for several different catalyst mass 
to gas flow ratios. 

[0050] FIG. 11 depicts an embodiment of a NOX emission 
control device including a fuel injector 91, a pre-oxidation 
catalyst 92, a mixer 93, and oxidiZing and reforming cata 
lysts 94. 

[0051] FIG. 12 shoWs the results of an experiment to 
compare the efficiency of NOX conversion using pulsed 
versus continuous addition of reducing agents H2 and CO to 
a flowing gas stream through a lean NOX catalyst. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0052] The invention provides methods and devices for 
improving emission control in lean-burn engines. In particu 
lar the invention provides for production of H2 and CO at 
high efficiency from a hydrocarbon fuel source, and use of 
these reducing agents for catalytic reduction of NOX to N2 in 
the presence of excess O2. This process is applicable to any 
engine that produces an exhaust stream containing excess 
O2. In one embodiment of the invention, the fuel on board 
a vehicle is used to produce H2 and CO, Which then serve as 
reducing agents to convert the NOX in the vehicle’s exhaust 
stream to N2. The invention also provides methods and 
devices for production of a reducing gas stream from a fuel 
in an oxygen containing environment. 

[0053] Production of H2 from Hydrocarbon Fuel 

[0054] The invention provides a fuel processing device 
and methods for producing a reducing gas containing H2 
and/or H2 and CO in an O2 containing environment. The 
reducing mixture produced from a fuel processing device of 
the invention may be used in a process for control of NOX 
emission as described beloW, or for other applications such 
as stabiliZation of the combustion ?ame in a burner or 
selective removal of other pollutants. 

[0055] Devices of the invention employ a fuel processor to 
produce a reducing gas mixture in an O2 containing gas 
stream. In some embodiments, the O2 containing gas stream 
is the exhaust stream from a diesel engine, Which generally 
contains O2 , CO2, H20, and NOX. 

[0056] The fuel processor includes a catalytic Zone that 
contains oxidation and reforming catalysts. The catalysts are 
in contact With at least a portion of the gas stream. 

[0057] The fuel processor also includes a fuel injector for 
addition of a fuel to the oxygen containing gas stream. The 
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fuel injector introduces a fuel to the gas stream in a manner 
such that rich and lean Zones are formed in the gas stream 
?owing through the catalytic Zone. In some embodiments, 
the added fuel is a hydrocarbon fuel. 

[0058] “Equivalence ratio” as used herein refers to the 
ratio betWeen actual amount of fuel and the theoretical 
stoichiometric amount of fuel Which Would be required to 
fully react With all of the O2 present in a gas mixture. As 
used herein, “lean” refers to a fuel air equivalence ratio less 
than 1.0 and “rich” refers to a fuel air equivalence ratio 
greater than 1.0. A rich Zone is produced in the ?oWing gas 
stream When fuel is added such that the equivalence ratio in 
the portion of the gas stream to Which the fuel has been 
added has an equivalence ratio greater than 1. A lean Zone 
is produced either When no fuel is added or When fuel is 
added in an amount such that the equivalence ratio in the 
portion of the gas stream to Which the fuel has been added 
is less than 1. 

[0059] In some embodiments, production of alternating 
lean and rich conditions in an O2 containing gas stream is 
accomplished by adding a fuel, such as a hydrocarbon fuel, 
in a pulsed, discontinuous manner to form alternating rich 
and lean Zones in the gas stream. In other embodiments, fuel 
is added essentially continuously to form a rich mixture in 
a portion of the ?oWing gas stream as the portion of the 
catalytic Zone through Which the rich mixture ?oWs is 
continuously or periodically varied over time. 

[0060] Under rich conditions, a portion of the added fuel 
is combusted With oxygen in the gas stream on the oxidation 
catalyst to release heat, and at least a portion of the remain 
ing added fuel reacts With H2O produced in the combustion 
reaction and/or present in the gas stream on the reforming 
catalyst to produce H2, an endothermic reaction. The com 
bustion reaction provides heat to raise the temperature of the 
reforming catalyst to an appropriate level to efficiently 
reform the added fuel. When a hydrocarbon fuel is used, the 
products of the reforming reaction are H2 and CO, Which 
may both serve as reducing agents in a doWnstream process 
such as reduction of NOX on a lean NOX catalyst. When 
ammonia is used as the added fuel, the products of the 
reforming reaction are hydrogen and nitrogen or nitrogen 
oxides. 

[0061] Under lean conditions, in embodiments in Which 
lean Zones contain no added fuel, no combustion or reform 
ing reactions due to added fuel take place in the catalytic 
Zone of the fuel processor. 

[0062] In other embodiments, some fuel is added at an 
equivalence ratio less than 1 to create lean Zones in the 
oxygen containing gas stream, to generate additional heat. A 
desirable amount of fuel in the lean Zones in such embodi 
ments is determined by the required temperature of the fuel 
processor catalysts. Additional heat may be required in 
surplus of the heat generated by combustion of oxygen in the 
rich Zones in order to maintain the catalytic Zone at the 
required operating temperature, for example if the rich Zones 
are very small in magnitude or short in duration, or if the 
oxygen level in the gas stream is loW. In such embodiments 
in Which some fuel is added to form lean Zones in the 
oxygen-containing gas stream at an equivalence ratio less 
than 1, essentially all of the fuel in the lean Zone is 
combusted With the oxygen in the gas stream on the oxida 
tion catalyst to produce additional heat. Preferably, the 
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amount of additional heat produced in such an embodiment 
is generally an amount sufficient to maintain the temperature 
of the catalytic Zone Within the desired operating tempera 
ture range. 

[0063] The products of the reforming reaction in rich 
Zones of the gas stream, for example H2 and CO When a 
hydrocarbon fuel is used, exit the catalytic Zone With the 
other components of the gas stream, and may optionally be 
used in a doWnstream process to reduce NOX to N2 on a lean 
NOX catalyst for emission control. 

[0064] In some embodiments, the reducing gas produced 
by the fuel processor may be fractionated to produce a 
substantially pure H2 stream. Separation techniques such as, 
for example, distillation, pressure sWing absorption, or use 
of a selective membrane (e.g., a microporous membrane 
through Which H2 diffuses) may be used to separate H2 from 
other components of the reducing gas mixture produced by 
the reforming catalyst. 

[0065] General Description of the Fuel Processor 

[0066] As described above, the invention provides a fuel 
processor for producing H2 from added fuel in an O2 
containing gas stream. The exhaust from a lean burn engine, 
such as a diesel engine, typically contains 8-15% O2 and 
6-10% H2O. A fuel processor of the invention may be used 
to produce reducing agents, e.g., H2 and CO from added 
hydrocarbon fuel, in such an exhaust stream, Which may be 
used as reducing agents in a downstream process such as 
reduction of NOX emission. 

[0067] To avoid the disadvantages of continuous fuel 
addition discussed above, the fuel processing device of the 
present invention includes a fuel injector for adding a fuel 
such that the gas stream ?oWing over the catalyst alternates 
betWeen rich and lean conditions. When used in the manner 
described herein, this results in a loWer temperature for the 
fuel processor catalyst and a loWer temperature for the gas 
mixture exiting the fuel processor catalyst than if the fuel 
Were added continuously. 

[0068] One illustrative embodiment of a fuel processor 
device of the invention is depicted in FIG. 2. FIG. 2 shoWs 
a pipe or duct 1 that is connected to a fuel injector 2 and a 
mixing system 4. A gas stream ?oWs into the system through 
pipe 1, and is mixed With fuel injected through the fuel 
injector 2 fed by fuel supply 3. Fuel is injected into the gas 
stream upstream of the inlet of the catalytic Zone 6. In one 
embodiment, depicted in FIG. 3, a hydrocarbon fuel is 
injected into mixer 4 in a discontinuous, pulsed manner to 
form rich Zones When the fuel injector is injecting fuel into 
the gas stream and lean Zones When the fuel injector is not 
injecting any fuel into the gas stream. 

[0069] As fuel, for example hydrocarbon fuel, is added in 
this manner, as depicted in FIG. 3a, rich and lean Zones are 
created in the gas stream, such that the equivalence ratio in 
a rich Zone is greater than 1 and the equivalence ratio in a 
lean Zone is less than 1. The resulting rich and lean gas 
mixtures flow through a catalytic Zone 6, as shoWn in FIG. 
2, Which contains oxidation and reforming catalysts, Where 
the hydrocarbon fuel in a rich Zone of the gas stream is 
combusted With O2 in the gas stream on the oxidation 
catalyst, and then converted to H2 and CO on the reforming 
catalyst after essentially all of the O2 has been consumed. 
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[0070] During the period When the fuel is injected to form 
a rich Zone, the fuel How is set at a How rate such that the 
equivalence ratio in the portion of the gas stream into Which 
fuel is injected is above 1, typically at least about 1.5, often 
at least about 2. Since the equivalence ratio in the rich Zone 
is above 1, essentially all of the O2 is consumed, as shoWn 
in FIG. 3b, and the O2 level exiting the catalytic Zone is 
essentially Zero, i.e., close to or equal to Zero. The combus 
tion of the large amount of oxygen in the gas stream raises 
the catalyst and gas temperature to the level needed to cause 
the reforming of the remaining fuel as shoWn in FIG. 3c. 
Since the fuel-exhaust mixture is “rich,” i.e., equivalence 
ratio greater than 1 When the fuel is being injected, and since 
the temperature is high due to the combustion of a portion 
of the fuel, H2 and CO are formed from the excess fuel, as 
shoWn in FIG. 3d. A fuel pulse is suf?ciently long that the 
resulting heat that is generated by full combustion of O2 
heats the oxidation and reforming catalysts 6 in FIG. 2 to the 
desired temperature for reforming, generally about 450 to 
about 1000° C., sometimes about 500 to about 900° C., often 
about 550 to about 650° C., most often about 600° C. Before 
the catalyst temperature can rise to the steady state tempera 
ture, Which Would be too high for good durability of the 
catalyst, the fuel is shut off (region 12 in FIG. 3a). 

[0071] As loW temperature gas in a lean Zone of the gas 
stream ?oWs through the catalytic Zone, the catalyst tem 
perature decreases. Subsequent fuel pulses can be added, as 
shoWn in FIG. 3a, With the fuel ?oW during the period of 
fuel injection controlled to reach the desired equivalence 
ratio. As the fuel is pulsed in this manner, pulses of H2 and 
CO are generated, as shoWn in FIG. 3d, in the exhaust 
stream exiting the outlet of the catalytic Zone, While the 
catalyst temperature is maintained at a relatively constant 
level, as shoWn in FIG. 3c. 

[0072] Exhaust stream 7 is optionally passed through a 
mixer, e.g., 8 in FIG. 2, to generate a relatively steady state 
concentration of H2 and CO, as represented in FIG. 36. 
Mixers may optionally be provided upstream of the catalytic 
Zone, to provide a uniform fuel-exhaust mixture, and/or 
doWnstream of the catalytic Zone, to provide a uniform 
concentration of reducing agent in the exhaust stream. Such 
mixers, represented by reference numerals 4 and 8 in FIG. 
2, can be the same or different siZes, can be con?gured in a 
variety of shapes and can include internal structures or 
devices to promote mixing, such as veins, tabs, or other 
physical devices that do not induce a large axial recirculation 
Zone. Appropriate internal mixers may be readily deter 
mined by one of skill in the art. If pulsing or discontinuous 
reductant, e.g., H2 and CO, concentration is desired, mixer 
8 of FIG. 2 may be eliminated. 

[0073] In one embodiment, a ?rst pulse of fuel is longer 
than subsequent pulses, to rapidly heat the catalysts to the 
desired temperature, as depicted in FIG. 3a. Subsequent 
pulses can be of a selected ?oW rate, duration and frequency 
to maintain a relatively constant catalyst temperature. In 
another embodiment, the fuel pulsing is initially set at a 
desired steady state frequency With all pulses of essentially 
equal duration, With the result that the catalyst temperature 
Will gradually reach the steady state temperature and the H2 
and CO output Will gradually approach the desired value. In 
the embodiment shoWn in FIG. 3, the fuel ?oW during the 
lean portion 12 of a cycle is essentially Zero. In other 
embodiments, some fuel is injected during the lean part of 
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the cycle at an equivalence ratio less than 1, so that addi 
tional heat can be generated during this portion of the cycle 
as the added fuel is consumed in a combustion reaction on 
the oxidation catalyst. 

[0074] The fuel processor of the invention is not limited 
by the illustrative embodiments described above. Alternate 
designs for the fuel processor may be used in accordance 
With the present invention so long as they are capable of 
adding fuel to an oxygen-containing gas stream to form rich 
and lean Zones in the gas stream for ef?cient reforming of the 
fuel as discussed above. 

[0075] In some embodiments, rather than adding the fuel 
in a pulsed manner, fuel is added essentially continuously 
With rich and lean Zones formed in the gas stream by radially 
rotating the catalyst structure relative to the direction of How 
of the gas stream, or by continuously or periodically chang 
ing the position or spray angle of the fuel injector such that 
only a portion of the catalytic Zone is in contact With a rich 
mixture at any given time and the portion in contact With the 
rich mixture varies over time. 

[0076] In one embodiment of the fuel processor, depicted 
in FIG. 5A, fuel is added continuously to a portion of the gas 
stream entering a rotating catalyst structure having a plu 
rality of longitudinal channels, con?gured such that the gas 
stream ?oWs through the channels from the inlet to the outlet 
of the catalyst structure. The Walls of the channels are coated 
With oxidation and reforming catalysts. The radial rotation 
of the catalyst structure Within the gas stream, While fuel is 
continuously added to a portion of the gas stream entering 
the catalyst structure, effectively produces the same effect as 
adding fuel in pulses to produce alternating rich and lean 
Zones ?oWing through the entire catalytic Zone. By using an 
appropriate geometry, periodic lean and rich conditions are 
created in continuously or periodically varying portions of 
the catalyst structure. The exhaust gas enters fuel processor 
60 through exhaust duct 61, passes through main chamber 
62 and out exhaust duct 63. Within the main chamber 62 is 
a monolithic catalyst substrate 64 With longitudinal chan 
nels, for example in a honeycomb con?guration as shoWn in 
FIG. 5A, that is caused to rotate by a shaft 65 driven by 
drive unit 66. Fuel is injected through fuel injector 67, 
creating a spray pattern 68 and thus a rich Zone that 
encounters the monolithic structure in the region shoWn by 
outline 69. The continuous fuel injection rate is set so that 
the equivalence ratio in region 69 is above 1, typically in the 
range of betWeen about 2 to about 5. Region 69 of the 
catalytic Zone is varied over time as the catalyst structure 
rotates. 

[0077] In another embodiment, the fuel is continuously 
injected into a How guide 70 as depicted in FIG. 5B. Fuel 
injector 71 injects the fuel into the inlet of the How guide and 
the How guide alloWs mixing of the fuel and exhaust gas to 
produce a relatively uniform fuel concentration as this fuel 
exhaust mixture enters catalyst 72. 

[0078] The fuel processor embodiments depicted in FIG. 
5a and FIG. 5b do not require a tight gas seal betWeen the 
catalytic Zone (64, 72) and the main chamber (62, 73). This 
greatly simpli?es the design of the rotating catalyst (64, 72). 
Rotating the catalyst structure adds complexity, additional 
components, and added cost to the system but this approach 
has the advantage of producing an essentially continuous 
stream of exhaust containing reducing agents, for example 
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H2 and CO When a hydrocarbon fuel is added to the gas 
stream, that is more readily mixed With the remaining 
exhaust or gas ?oW. 

[0079] In an alternative implementation, rather than rotat 
ing the catalyst structure, the spray angle of fuel injector 67 
is changed. By changing the spray angle, the region of rich 
fuel/ air ratio may be moved around on the catalyst structure, 
effectively duplicating the operation of a rotating catalyst as 
in FIG. 5A. The injector spray angle may be changed 
mechanically by physically moving the injector, by using an 
additional air ?oW that interacts With the fuel spray from the 
injector to change the effective spray angle, or by using 
electrically driven components Within the injector to change 
the spray angle. 

[0080] The fuel processor 60 shoWn in FIG. 5A or FIG. 
5B can be con?gured in an emission control system Where 
a portion of the exhaust stream is diverted as a slipstream to 
the fuel processor and then reintroduced into the main 
exhaust stream after generating products of the reforming 
reaction, such as H2 and CO. An alternative approach is to 
alloW most of the exhaust stream to bypass the catalyst 
structure as shoWn in FIG. 5C. The entire exhaust How 80 
enters the fuel processor through duct 81. Alarge portion of 
the exhaust bypasses the fuel processor catalyst as shoWn by 
How path 83 and exits fuel processor unit 82 through duct 
84. A portion of the exhaust How is diverted to the fuel 
processor catalyst 85, dependent upon the How resistance for 
each path. The fuel injection and fuel processor rotating 
catalyst structure or varying fuel spray angle operate essen 
tially as described for the fuel processor systems depicted in 
FIG. 5A and FIG. 5B. In some embodiments, the fuel 
processor unit 82 includes baffles and partitions inside the 
main chamber 86 to direct the desired amount of How 
through the fuel processing catalyst. Appropriate design and 
con?guration of such partitions and baf?es may be readily 
determined by those skilled in the art. 

[0081] In embodiments such as those represented in 
FIGS. 5A, 5B, and 5C, the catalyst structure is preferably be 
of sufficient thermal mass to maintain the catalysts at the 
desired operating temperature, generally about 450 to about 
1000° C., sometimes about 500 to about 900° C., often about 
550 to about 800° C., often about 600° C. 

[0082] A number of hydrocarbon fuels are suitable for 
addition to the oxygen-containing gas stream in any of the 
fuel processor embodiments of the invention, including 
diesel fuel, gasoline, methane, kerosene, other hydrocar 
bons, alcohols, or any hydrocarbon containing fuel. Gas 
eous, liquid, oxygenated, nitrogen containing, and sulfur 
containing hydrocarbons may also be used. In addition, a 
non-carbon containing fuel such as ammonia, hydrogen 
sul?de, or other combustible material, may be used if 
combustion at an equivalence ratio greater than 1 produces 
a hydrogen containing stream in a device of the invention. 
The fuel used must be capable of releasing an appropriate 
amount of heat upon combustion to raise the temperature of 
the reforming catalyst to a level suitable for efficient pro 
duction of reducing agents, e.g., H2 or H2 and CO. In a 
particularly advantageous embodiment, using this approach, 
a hydrocarbon fuel on board a vehicle With a lean burn 
engine can be processed With the engine exhaust to produce 
an exhaust stream containing H2 and CO. 
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[0083] NOX Emission Control 

[0084] The invention provides an emission control device 
and method for reducing the NOX content in oxygen-con 
taining emissions from a combustion process, particularly 
combustion of a hydrocarbon fuel that occurs in a lean burn 
internal combustion engine. Devices of the invention are 
particularly useful for reducing NOX emissions in the 
exhaust of a vehicle diesel engine. As used herein, “NOX” 
refers to nitrogen oxides produced in a combustion process, 
particularly nitrogen oxides present in the exhaust stream of 
an internal combustion engine, such as NO and N02. A“lean 
burn” or “lean burning” engine refers to an engine that 
combusts hydrocarbon fuel at an air to fuel ratio in Which 
there is more air than the stoichiometric amount of air 
needed to oxidiZe the fuel. This requires an air to fuel mass 
ratio above 15 and typically above 25 for a diesel engine. 
Emissions from a lean burn diesel engine typically contain 
about 8-15% O2 and 400-700 ppm NOX in the exhaust gas. 

[0085] The emission control device also includes a second 
catalytic Zone in contact With the exhaust stream and doWn 
stream from the catalytic Zone of a fuel processor as 
described above. The second catalytic Zone includes a 
catalyst composition that includes a catalyst, such as a “lean 
NOX catalyst,” Which is capable of selective catalytic reduc 
tion of NOX to N2 in an O2 containing environment, particu 
larly the exhaust of a lean burn engine, using the H2 and CO 
produced by the fuel processor. When the reducing agent(s) 
produced by the fuel processor, e.g., H2 and CO, reach the 
second catalytic Zone, NOX is reduced to N2 on the catalyst 
therein, thereby providing a reduction in NOX emission. 

[0086] The invention provides methods for reducing NOX 
produced by a lean burn combustion process, such as 
combustion in a diesel engine, using an emission control 
device of the invention. Methods of the invention include 
injecting a fuel into at least a portion of an O2 and NOX 
containing exhaust stream to create rich and lean Zones in 
the exhaust stream. The rich and lean Zones ?oW through the 
catalytic Zone of the fuel processor as described above. The 
catalytic Zone of the fuel processor contains both oxidation 
and reforming catalysts. In rich Zones, a portion of the fuel 
is oxidiZed and at least a portion of the remaining fuel is 
reformed on the reforming catalyst to produce reducing 
agent(s), for example H2 and CO When a hydrocarbon fuel 
is used. The reducing agents, e.g., H2 and CO, are introduced 
into the exhaust stream upstream from a second catalytic 
Zone and react With NOX on a catalyst in the second catalytic 
Zone to produce N2, thereby reducing NOX emission. 

[0087] In an advantageous embodiment, the fuel on board 
a vehicle With a lean burn engine, for example diesel fuel on 
board a diesel engine poWered vehicle, is processed in a fuel 
processor of the invention to produce H2 and CO, Which 
reduce NOX emission levels in conjunction With a lean NOX 
catalyst in the second catalytic Zone of an emission control 
device as described herein. 

[0088] In one embodiment, depicted schematically in 
FIG. 4, a portion of an oxygen-containing engine exhaust 
stream 40 is diverted as a “slipstream”41 . Fuel is then 
injected into the gas stream in the slipstream through a fuel 
injector 42. The fuel is added to the slipstream exhaust in 
region 43 and the mixture then ?oWs through the catalytic 
Zone 44 to produce products of the reforming reaction, e.g., 
H2 and CO, Which is then mixed With the ?oWthrough 
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engine exhaust stream in mixers 46 and 53. The reforming 
products, e.g., H2 and CO, then react With the NOx in the 
exhaust stream on a lean NOX catalyst 48 to reduce the NOX 
emission level in the exiting exhaust stream 49. 

[0089] In an embodiment in Which a portion of the exhaust 
stream is diverted in a slipstream, the amount of exhaust that 
is diverted to the slipstream and through the fuel processor 
catalytic Zone can be varied over a Wide range. Typically, 
about 1 to about 50% of the total exhaust is diverted into the 
slipstream. Since the gas ?oW through the fuel processor is 
heated to the reforming temperature by oxidiZing fuel, this 
represents a heat loss and decreased ef?ciency. For this 
reason, it is preferable to limit the amount of the exhaust 
stream that is diverted to the fuel processor. The reforming 
products, e.g., H2 and CO, generated by the fuel processor 
are then added back to the main exhaust ?oW at 52 resulting 
in a large dilution. This large dilution means that for a given 
target concentration in the mixed stream 47, the concentra 
tion of reductant produced at 45 must be proportionately 
higher. For example, for 1000 ppm of H2 and CO at the inlet 
to the second catalytic Zone 47 and With a split of 5% to the 
fuel processor, the average concentration of H2 and CO at 45 
must be 2%. These tWo requirements drive the split ratio in 
different directions. 

[0090] FIG. 8 shoWs some calculated values of fuel pen 
alty versus stoichiometry factor for several levels of exhaust 
gas ?oW diverted to the fuel processor. These calculations 
Were done for a typical diesel engine With a NOx emission 
level in the range of 5 g/b-hp-hr (grams per brake horse 
poWer hour) and operating at high load. The stoichiometry 
factor is the ratio of H2 and CO that is required to reduce 
each molecule of NOx. At a stoichiometry factor of 1, one 
H2 molecule or one CO molecule Will reduce one NOx 
molecule. As shoWn, the loWest fuel penalty is obtained With 
the loWest How of exhaust diverted to the fuel processor and 
the loWest stoichiometry factor. The theoretical stoichiom 
etry factor Would be 1 for NO and 2 for NO2 and for an 
ef?cient lean NOx catalyst the stoichiometry factor Would be 
expected to be in the range of 1 to 3. Preferably, the fraction 
of exhaust ?oW diverted to the fuel processor ranges from a 
volume percentage of about 1% to at least about 50%, more 
preferably from about 3 to about 30%, even more preferably 
from about 5 to about 25%, most preferably about 8 to about 
15%. 

[0091] Since the fuel processor catalyst structure 44 in 
FIG. 4 may provide resistance to How of the diverted 
exhaust stream, some embodiments include a means of 
regulating the “split ratio,” or ratio of amount of exhaust 
diverted into the slipstream to amount of ?oWthrough 
exhaust. Examples of means suitable for regulating the split 
ratio include variable means, such as a valve at location 51 
or 52. In some embodiments, the valve includes a door that 
is ?xed or variable, although other means capable of direct 
ing a certain amount of exhaust How to the fuel processor 50 
may be used in accordance With the invention. A ?xed 
regulation means may also be used. One example of a ?xed 
means is a How restrictor, such as an ori?ce, that is located 
in the main exhaust duct betWeen locations 51 and 52. Such 
a restriction Would direct a given fraction of the exhaust How 
to the fuel processor 50 based on the relative restriction 
caused by the How restrictor in the main duct compared to 
the restriction caused by the components of fuel processor 
50. A restrictor placed in the duct betWeen locations 51 and 

Sep. 30, 2004 

52 can be either a ?xed restrictor With a ?xed opening or it 
can be a variable restrictor such as a valve or a door. 

[0092] Fuel Injection 

[0093] A number of fuel injectors suitable for use in the 
invention are Well knoWn in the art. In some embodiments 
of the invention, pressuriZed fuel is supplied to the injector 
and the injector then opens and closes a How control valve 
to turn the fuel How on and off. Such injectors have been 
extensively developed as automotive fuel injectors and are 
described, for example, in US. Pat. Nos. 6,454,192, 5,979, 
866, 6,168,098, and 5,950,932. Such injectors utiliZe a loW 
pressure supply of fuel, in the range of 30 to 600 psig and 
can turn fuel How on and off very rapidly, at a speed that is 
typically in the range of 0.2 to 1 millisecond, using an 
electrical signal to move a solenoid or valve Within the 
injector. Such fuel injectors control the fuel ?oW rate by 
opening and closing the injector very rapidly, With the 
fraction of time open set to control the fuel ?oW. For use in 
devices of the invention, the frequency of this opening and 
closing can be very fast, so that the fuel How is essentially 
continuous. For example, using a frequency of 50 to 100 HZ 
and controlling the fraction of time open, the fuel ?oW rate 
can be controlled to produce the desired equivalence ratio 
during the rich pulses shoWn in FIG. 3a. The fuel injector 
is then fully closed during the lean periods. Thus, such fuel 
injectors may be operated With tWo frequency components, 
a high frequency component that Would be used to give the 
required fuel ?oW rate during the rich and lean periods 
shoWn in FIGS. 3a and 3d. The injector Would be essentially 
off for the lean periods shoWn in FIGS. 3a and FIG. 3d. If 
some fuel How is desired during the lean periods to maintain 
fuel processor catalyst temperature, then high frequency 
operation of the injector With a very loW fraction of open 
time Would result in a very loW fuel ?oW. 

[0094] Other types of injectors may also be used, such as 
air assist injectors. Air assist injectors utiliZe pressuriZed air, 
Which ?oWs through the injector With the fuel to obtain a 
desired fuel droplet siZe, spray pattern, or spray direction, or 
to utiliZe fuel at a loWer supply pressure. Multiple injectors 
may also be used. As another alternative, the injection means 
may include a simple noZZle to disperse and direct the fuel 
spray, this noZZle being connected to a fuel line Which 
supplies the fuel in pulses from a pulse pump or other means. 
The injected fuel must be transferred to the fuel processor 
catalyst in a short time and it Would be disadvantageous for 
it to remain in liquid form on pipe or component Walls. One 
embodiment Which provides a solution to this problem 
includes direct spraying of the fuel onto the catalyst surface, 
limiting the interaction of the fuel With potentially cold 
metal surfaces of the fuel processor or the exhaust system. 
Another embodiment includes spraying of the fuel on a very 
hot surface to ?ash vaporiZe it. A further embodiment 
includes pre-vaporiZation of the fuel in a separate hot 
chamber, folloWed by release of the vaporiZed fuel through 
an injector. 

[0095] Mixing of Fuel and Exhaust 

[0096] To achieve the correct catalyst temperature for the 
generation of reforming products, e.g., H2 and CO, the fuel 
to oxygen ratio must be Within an appropriate range to 
provide the desired level of heat output to maintain the 
catalyst temperature and to produce the required level of H2 
and CO. This requires mixing of the injected fuel and the 




















